Nitritation, the oxidation of ammonia to nitrite without subsequent oxidation to nitrate, is a starting step for nitritebased nitrogen removal approaches. This process can be induced by maintaining specific operating conditions that facilitate ammonia oxidation but deteriorate nitrite oxidation. In recent years, a number of publications have demonstrated the ability of cell immobilization to maintain nitritation and an oxygen-limiting strategy was suggested to be a key to the success of the approach. However, several aspects related to the success and failure of such systems remains unclear and requires further in-depth clarification. This review provides current information on the utilization of cell immobilization in nitritation reactors. Common operating strategies that promote nitritation by controlling environmental conditions are summarized in the first part of the review. The application of cell immobilization, including cell attachment, cell granulation, and cell entrapment systems, as well as microenvironments, and microbial distributions within cell immobilization matrices, are elaborated in the middle part of the review. Problems encountered in the operation of nitritation reactors using cell immobilization are discussed as opportunities for further research at the end of the review.
. General processes for nitrogen removal in wastewater treatment systems modified from Thamdrup [98]. 18 attachment is the formation of biofilms on the internal and external surfaces of supporting 1 materials. Cell granulation is the self-aggregation of microorganisms into granule-like aggregates. 2 Cell entrapment is the entrapment of cells into proper supporting matrices. 3 With cell immobilization, an oxygen concentration gradient is created along the depth of 4 a biofilm, granule, or entrapped-cell matrix [13, 45] , leading to the creation of an oxygen-limiting 5 zone somewhere inside the matrix to facilitate nitritation [15] . Therefore, DO concentrations in 6 the bulk solution can be maintained at low ranges but do not need to reach oxygen-limiting levels 7 as required for suspended cell systems, allowing higher flexibility of the operation ranges to 8 maintain nitritation in the reactors [11] . Fig. 2 shows bulk DO concentrations applied for 9 nitritation in suspended-cell and cell immobilization systems. It is noted that other parameters 10 than the bulk DO concentrations also differ among the studies in Fig. 2 . However, with 11 neglecting those parameters, optimal DO concentrations in the bulk solution for nitritation in systems [11, 13, 14, 41, 46, 47, 49, 99- demonstrated that a granular sludge reactor can be started up more rapidly by using seeds mixed 20 with nitrifying floccular sludge and 30% partial nitrifying granular sludge than by using seeds 21 prepared from nitrifying floccular sludge alone [49] .
Cell entrapment can also achieve nitritation by immobilizing cells within gel matrices.
1 With this idea, entrapped cells have been applied to nitritation reactors [9, 11, 12, 50, 51] . The 2 gel matrix to entrap cells can be made by a variety of polymeric materials, such as calcium 3 alginate, sodium alginate, PVA, PVA/alginate, and polyethylene glycol (PEG) [9, 11, 12, [50] [51] [52] .
4
It is shown that nitrifiers entrapped in PVA/alginate gel beads promoted the build-up of nitrite in 5 the reactor [12] . The immobilization of nitrifiers and co-immobilization of nitrifiers and 6 denitrifiers in calcium alginate gel beads have also achieved nitritation [9] . DO concentrations in 7 bulk solution at 2 and 3 mg L -1 were reported to be low enough to promote nitritation using PVA 8 gel matrices [11] . At this DO ranges, the preparation of a suspended inoculum with the ability to 9 partial nitrify was not needed during the production of entrapped cells. With the assistance of cell 10 entrapment, all suspended inocula with non-nitrifying, nitrifying, and partial nitrifying activity 11 can reach nitritation within similar periods of operation [11] .
12
The operating conditions required for nitritation in cell immobilization reactors can be 13 different from those in suspended-cell reactors because substrate transfer from the bulk solution 14 to microorganism cells is impacted by cell immobilization matrices. Several approaches of cell 15 immobilization have been employed to promote nitritation in reactors. However, the 16 characteristics of cell immobilization matrices are distinct depending on the type of approach.
17
Specific operating conditions to attain nitritation are required for a particular type of cell 
Microenvironments and Microorganisms-Related Aspects within the Cell

21
Immobilization Matrices
Although cell immobilization has successfully been applied to promote nitritation, 1 microenvironments inside cell immobilization matrices have not yet been clearly observed.
2 Information related to in-situ oxygen concentration gradients inside cell immobilization matrices 3 in nitritation reactors was provided only in some studies ( Table 2 ). In biofilm, oxygen can During the nitritation-heterotrophic denitritation process, both autotrophic nitrite oxidation and 6 heterotrophic nitrate reduction are shortcut. In order to maintain the process, nearly 100% 7 conversion of ammonia to nitrite has to be obtained, before the subsequent nitrite conversion to 8 nitrogen gas occurs. The nitritation-heterotrophic denitritation process reduces energy 9 expenditure substantially via lowering the need for aeration by 25% and decreases extra organic 10 matter requirement for denitrification by 40% [58] . In addition, the cost for sludge disposal is 11 also reduced due to lower excess sludge generation [59] . Maintaining a high level of stability is 12 essential in maintaining an effective nitritation-heterotrophic denitritation process. Jiang et al.
13
[60] applied a combination approach of limiting DO and FNA sludge treatment to achieve 14 nitritation-heterotrophic denitritation in a continuous flow activated sludge treating mainstream 15 municipal wastewater. In their study, more than 78% of nitrite accumulation was achieved after 16 simultaneously lowering DO to 0.5 mg L -1 and daily exposing 30% of excess sludge with 1.2 mg 17 N L -1 FNA for 18 h. Gu et al. [61] reported that 78% of total nitrogen in mainstream municipal 18 wastewater was removed via the nitritation-heterotrophic denitritation process. Limiting DO to 19 1.5 mg L -1 at 30 o C promoted 97% of nitrite accumulation with an extremely low nitrate 20 concentration ( < 0.5 mg N L -1 ) in a sequencing batch reactor.
Nitritation-ANAMMOX Process 1
The combination of nitritation and ANAMMOX process has been considered as the most 2 sustainable and cost-effective nitrogen removal approach [59] . In order to complete the process, In contrast, Nitrospira lineage II was found in high DO levels (8.5 mg L -1 ). These indicated that 8 different Nitrospira lineages were adaptive to different DO concentrations. Therefore, some within cell immobilization matrices that employ an oxygen-limiting strategy to promote 18 nitritation.
19
It was recently found that the substrate affinity of AOB and NOB in cell immobilization 20 matrices is determined predominantly by their own colony sizes rather than their strain- Recently, Wan et al. [89] found that an increase in nitrogen load 9 (800-2,000 g N m -3 d -1 ) in a combined nitritation-ANAMMOX biofilm accelerated ammonia 10 oxidation and nitrite accumulation, thus promoting N 2 O production (up to 5 -6% of the nitrogen 11 load) via nitrifier nitrification. However, the production rate of N 2 O did not increase when the 12 rate of ammonia oxidation and nitrite accumulation became stable.
13
Although novel nitrogen removal via the nitrite pathway should be implemented to 14 ensure energy savings, the process tends to emit higher N 2 O amounts than conventional nitrogen 15 removal. Therefore, the importance of process optimization needs to be highlighted to minimize 16 this greenhouse gas. shorter period of time to achieve nitritation than did the reactor with no organic matter supplied.
6
However, an overloading of organic matter can also deteriorate nitritation performance.
7
Rodriguez-Sanchez et al. [93] reported that AOB were outcompeted by aerobic heterotrophic 8 microorganisms for oxygen, which resulted in a decrease in the ammonia-oxidizing activity and 9 relative abundance of AOB in submerged nitritation biofilters with 0.34 kg carbon m -3 d -1 .
10
Therefore, at an extremely high organic loading rate, a process unit for the pre-removal of The variation in nitritation performance, when organic matter is present in cell immobilization 16 reactors, is still uncleared. All these points require further understanding in order to be addressed. 
